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Abstract We have revisited the region of the actinides in
the vicinity of the neutron number N=152 and conducted
high-precision mass measurements using the newly imple-
mented Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR)
technique. The masses of 244Pu and 249Cf were found to
deviate by 5.4 and 2.9 combined sigmas, respectively, from
our previous results published in 2014. This indicates the
presence of systematic errors in the earlier measurements.
Consequently, we decided to remeasure all the nuclides from
our 2014 study, along with 248Cm, to ensure accuracy and
reliability. With our greatly improved apparatus, we have
measured the masses of 244Pu, 241Am, 243Am, 248Cm, and
249Cf, using 208Pb and 238U as mass references. The masses
of these reference ions were recently determined with ultra-
high precision at Pentatrap. Our results were implemented
in the latest Atomic Mass Evaluation (AME), showing good
consistency. The region related to the masses measured in this
study, especially for isotopes near the N=152 deformed shell
gap, is discussed in terms of two-neutron separation energies,
first excited 2+ energy levels and their differentials, as well
as δVpn values, the average proton-neutron interaction of the
most loosely bound two nucleons.

1 Introduction

The exploration of nuclides beyond uranium, along with
the elucidation of their nuclear structure, has historically
relied heavily on a network of nuclear transitions anchored
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primarily to the naturally-ocurring uranium isotopes. This
network, crucial for understanding the properties of these
exotic isotopes, has predominantly been established through
decay energy measurements. However, this approach has
often been hindered by insufficient information regarding
the level schemes and decay paths of these nuclides.

In recent decades, the field of nuclear physics has wit-
nessed a transformative shift, driven by the emergence of
Penning traps, multiple-reflection time-of-flight mass spec-
trometers and storage rings as exceptional tools for con-
ducting direct mass measurements [1,2]. This breakthrough
has had a profound impact on our ability to study the
nuclear structure of exotic nuclides, particularly those resid-
ing in the neutron-rich and neutron-deficient regions close
to the dripline, as well as in the territory of the heaviest
elements. The precision and accuracy afforded by high-
precision mass measurements of radioactive nuclides have
opened up new horizons in our understanding of these ele-
ments. Penning traps have achieved an efficiency and sensi-
tivity level enabling even the study of nuclides with extremely
low production rates, as low as<1 particle per hour, including
those in the heavy and super-heavy mass regions, facilitated
by Shiptrap [3].

The recent implementation of the PI-ICR technique [4],
the present standard in Penning-trap mass spectrometry of
radioactive ions, was very beneficial for our experiment. The
commissioning and detailed studies of systematic uncertain-
ties were followed by mass measurements on stable Pb iso-
topes reported recently [5]. In this work we report on mass
measurements in the actinide region. We have used two ref-
erence ion species in these measurements, and analyzed our
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data by a simultaneous polynomial fit method, which will
be described in this paper. Direct mass measurements in the
region of this study are useful to asses the strength of the
deformed shell closure at N=152 in different isotopic chains,
to benchmark theoretical mass models and to gain further
insight into the structure of these nuclei.

2 Experimental setup

TRIGA-Trap [6] is a double Penning-trap mass spectrometer
located at the research reactor TRIGA Mainz. In offline mass
measurements it is served with singly-charged positive ions
by a non-resonant laser ablation ion source [7]. The layout
of the experimental setup is shown in Ref. [5].

Singly charged ions are generated using a frequency-
doubled pulsed Nd:YAG laser at a wavelength of 532 nm.
In this process, we employ 5-ns pulses with pulse energies
ranging from 0.05 to 0.5 mJ, directed towards a target con-
taining about 1015 atoms of the desired isotopes.

Subsequently, the ions are captured and cooled within a
helium-gas filled compact radio-frequency quadrupole struc-
ture, the MiniRFQ [7]. This cooling process lasts for 5 ms.
Afterward, the ions are extracted and transported using ion-
optical components biased at −1 kV.

The TRIGA-Trap spectrometer consists of two traps:
the purification trap and the measurement trap, which are
installed within two distinct homogeneous field regions of
a 7 T superconducting magnet at ground potential. In a first
step, incoming ions are captured and retained in the purifica-
tion trap, which is filled with helium buffer gas. Here, a mass-
selective buffer gas cooling technique is implemented [8].

The purification trap is a seven-pole cylindrical Penning
trap. It connects to the measurement trap via a 50 mm long,
1.5 mm diameter channel to limit the gas flow between the
two regions, which are kept at very different pressures. The
measurement trap 1 is a five-pole cylindrical Penning trap.
Within the measurement trap, the initial amplitudes of the
ions’ eigenmotions can be further reduced prior to the actual
measurement by dipolar excitations.

Finally, the ions exit the measurement trap through a drift
section and proceed towards a position-sensitive detector.
This detector has 40 mm diameter active area, based on a
DLD40 Microchannel Plate (MCP) with a delay-line anode.
The detector signals are processed by the newest version
of the front-end electronics supplied by Roentdek Handels
GmbH [9] combined with a HPTDC8-PCI Time-to-Digital-
Converter card.

1 In 2020 our hyperbolic Penning trap was replaced by a five-pole
cylindrical trap to facilitate the PI-ICR method. See Ref. [5]

3 Mass measurement with the PI-ICR method

In mass measurements, we directly measure the sum of the
reduced cyclotron and magnetron frequency, fc = f− + f+,
referred to as the sideband frequency [4]. This method
employs a position-sensitive detector to measure the (x, y)
coordinates, allowing the determination of the center spot
position corresponding to non-excited ions and the angle ϕ

between the magnetron and cyclotron phase spots, accumu-
lated over a time interval tacc. n+ and n− are the number
of integer revolutions performed by the ion on a cyclotron
and magnetron orbit, respectively. The radial frequency fc is
determined by:

fc = [2π(n+ + n−) + ϕ]
2π tacc

. (1)

This approach allows one to measure directly the sum of
both, magnetron and reduced cyclotron frequencies for mass
determination [4]. The number of complete revolutions, n, is
known and increases with tacc.

The statistical uncertainty depends on the ϕi spread. To
reduce the measurement uncertainty one can increase tacc. In
the mass measurement campaign reported here, phase accu-
mulation times of tacc ≈ 1 second were chosen. To avoid
systematic uncertainties due to projection [5], tacc is chosen
to be an integer multiple of the period corresponding to the
free cyclotron frequency, ensuring overlap of cyclotron and
magnetron phase spots.

Using the PI-ICR measurement technique, one performs
three ion-spot-position measurements. First, the center of the
radial ion motion has to be measured, which does not neces-
sarily coincide with the detector center. Second, the position
of the magnetron spot for ions prepared on a magnetron orbit
after evolving for the accumulation time tacc at frequency
f− has to be measured. Third, the position of the cyclotron
spot for ions prepared on a cyclotron orbit evolving for tacc
at frequency f+ is measured. The second and third measure-
ments are carried out in the same measurement cycle using
a double-pattern scheme. The mass measurement consists of
recording these three spot positions for the ion-of-interest and
reference ion species alternatively, collecting up to 300 ions
per spot over about 12 min. The first spot position is rather
constant in time at TRIGA-Trap, thus it needs to be checked
only once within about three hours. For further details see
Ref. [5].

4 Data evaluation by simultaneous polynomial fit

During measurements, we obtain the cyclotron frequency
of the ion-of-interest and the reference ions in alternating
sequence. The individual measurements last relatively short,
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here about 12 min, but the frequency may drift as envi-
ronmental conditions, like room temperature and pressure,
change during this time period. To determine the frequency
ratios, the simplest way is to linearly interpolate the frequen-
cies of reference ions to the center times of the ion-of-interest
measurements, and calculate the weighted average of these
ratios [10].

Because the magnetic and electric fields change smoothly,
the frequency is also a smooth function of time, which can
be described by a polynomial. Minimizing the difference
between

f (t) =
n∑

0

ant
n (2)

and fion, i at times ti for the ion-of-interest and Rk · fre fk , jk
at times t jk for the k-th reference ion, yields the constants
an, Rk .

The measurement sequence applied here is as follows: ref-
erence species #1 — reference species #2 — ion-of-interest
— reference species #1 — and so on. The second reference
mass helps to cross-check the measurement. In the fit proce-
dure the data sets belonging to both references and the ion-of-
interest are used simultaneously to determine the coefficients
of the polynomial.

At the end of a measurement campaign we have a set of I
ion-of-interest frequency measurements fion,i at correspond-
ing times ti , and two sets of reference ion frequencies: J1,
fre f1, j1 and J2, fre f2, j2 at times t j1 and t j2 , respectively. We
fit fion, i , R1 · fre f1, j1 and R2 · fre f2, j2 as polynomial from
Eq. (2). We assume that the measured frequency values are
normally-distributed. Using the maximum-likelihood princi-
ple, the following sum will be minimized:

χ2 =
I∑

i=0

(
n∑

0

ant
n
i − fion, i

)2

+
J1∑

j1=0

(
n∑

0

ant
n
j1 − R1 · fre f1, j1

)2

+
J2∑

j2=0

(
n∑

0

ant
n
j2 − R2 · fre f2, j2

)2

.

(3)

Varying χ2 by every parameter brings an analytically solv-
able system of linear equations (Eq. 4), where ωi and ω j are
the weighting factors. The solution can be written as Eq. (5),
where Â is expressed in Eq. (6), with coefficients given in
Eqs. (7), (8), (9). The covariance matrix is the inverse of Â
and consists of four sub-matrixes, as shown in Eq. (10). The
square sub-matrix Ĉr of order n+ 1 is the covariance matrix
of the fit polynomial. The squared internal uncertainty of
the fit polynomial is displayed in Eq. (11). The square roots

of the remaining k diagonal elements are taken as internal
uncertainties for ratios dRk .

⎧
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Fig. 1 Cyclotron frequency values of 249Cf+ (black dots), 208Pb+
multiplied by the fitted frequency ratio, f Pb · RPb/Cf (blue dots),
238U16O+

2 multiplied by the fitted frequency ratio, fUO2 ·RUO2/Cf (green

dots) and fit polynomial (red line) with internal and external uncertain-
ties interval (dark and light grey shaded areas between solid and dashed
black lines, respectively)

Â−1 =

⎛

⎜⎜⎜⎝

Ĉr D̂r

D̂b

⎛

⎜⎝
dR2

1
. . .

dR2
k

⎞

⎟⎠

⎞

⎟⎟⎟⎠ (10)

d f (t)2 =
⎛

⎜⎝
t0

...
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⎞

⎟⎠

T

· Ĉr ·
⎛

⎜⎝
t0

...

tn

⎞

⎟⎠ (11)

For optimal performance, times are normalized to the
interval [−1; 1], where −1 is the earliest time in the data
set, and 1 is the latest. The selection of the order of the
polynomial is done using the F-test method [11]: an addi-
tional term is added as long as it produces a significant
improvement of the fit, characterized by the χ2 statistics.
When performing a fit with different polynomial orders n,

we calculate the relative change in χ2
n , Fχn = χ2

n−1−χ2
n

χ2
n /νn

, where

νn = I + J1 + · · · + Jk − n − 1 − k in number of degrees of
freedom, in order to test for an additional term. We stop at n,
for which Fχn < 0.5 occurs for the second time in a row. The
last n is selected as polynomial order where Fχn > 0.5 [11].
Additionally we pay attention to the χ2

n and the χ2
n /νn varia-

tions, and can choose, e.g., n corresponding to the minimum
χ2
n /νn in case the F-test method fails.

In Fig. 1 an example is shown for cyclotron frequency
measurements of 249Cf+ (black dots), 208Pb+ (blue dots, val-
ues multiplied by the fitted frequency ratio), 238U16O+

2 (green

dots, values multiplied by the fitted frequency ratio) and fit
polynomial (red line) with internal and external uncertainty
intervals (solid and dashed black lines). The F-test returns a
polynomial order of 5.

5 Results

Our results are listed in Table 1. In our study, 208Pb+
and 238U16O+

2 were used as reference ions. Their masses
have been recently measured with relative uncertainties of a
few 10−11 at Pentatrap [15,16]. The choice of the uranium
dioxide molecular ion was driven by practical considerations.
The uncertainty in the mass of the oxygen atom is 0.3 eV/c2,
and any additional uncertainty stemming from the molecular
binding energy is negligible at our current level of precision.

In Fig. 2a, we depict the mass excess, defined as ME =
(m − A · u)c2, where A is the mass number and u is the uni-
fied atomic mass unit, of 238U. We compare our results from
TRIGA-Trap with values reported in the literature, specifi-
cally AME2012 [12], AME2016 [13], AME2020 [14], and
Pentatrap [16]. Our data exhibits an agreement within one
standard deviation with these values. The inner error bar of
the TRIGA-Trap value represents the statistical uncertainty,
while the outer one reflects the total uncertainty including the
systematic uncertainties as discussed in Ref. [5]. The 2024
data point represents the value established after our results
were included in the AME2 [17].

2 This was done to check how the new mass values fit into the complete
dataset of AME. The upcoming version of AME will include our results.
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Table 1 Measurement results. For each ion-of-interest and reference ion pair we list the obtained frequency ratios with statistical and systematic
uncertainties, and the derived mass excess of the nuclide

Nuclide Ion of Ref. Ions mass ratio Mass excess (keV)
interest ion R (dRstat) (dRstat+sys) ME (dME stat) (dME stat+sys)

241Am 241Am16O+ 208Pb+ 1.235 965 048 5 (16) (34) 52 933.88 (65) (88)
241Am16O+ 238U16O+

2 0.951 900 186 7 (15) (30) 52 932.51 (75) (96)
243Am 243Am16O+ 208Pb+ 1.245 603 438 1 (16) (37) 57 176.56 (71) (93)

243Am16O+ 238U16O+
2 0.959 323 396 6 (11) (22) 57 177.14 (57) (83)

244Pu 244Pu16O+
2

208Pb+ 1.327 332 663 5 (21) (42) 59 795.07 (81) (103)
244Pu16O+

2
238U16O+

2 1.022 268 564 6 (16) (32) 59 794.77 (80) (102)
248Cm 248Cm16O+ 208Pb+ 1.269 697 333 3 (14) (28) 67 380.52 (55) (83)

248Cm16O+ 238U16O+
2 0.977 879 700 6 (10) (20) 67 379.71 (51) (80)

249Cf 249Cf16O+ 208Pb+ 1.274 517 676 5 (30) (83) 69 724.3 (16) (17)
249Cf16O+ 238U16O+

2 0.981 592 178 9 (22) (56) 69 725.1 (14) (15)
249Cf+ 208Pb+ 1.197 610 202 4 (12) (24) 69 722.42 (45) (74)
249Cf+ 238U16O+

2 0.922 360 532 2 ( 9) (17) 69 722.02 (43) (73)

In Fig. 2b and c, we present the mass excess for 241Am
and 243Am, respectively. Our current findings from TRIGA-
Trap are displayed separately for the reference ions 208Pb+
and 238U16O+

2 , demonstrating excellent agreement with the
AME2016 and AME2020 values.

Figure 2d compares the mass excess of 244Pu obtained
here to the literature. Our current TRIGA-Trap result devi-
ates notably from the AME2020 value and our 2014 measure-
ment [18], regardless of the choice of reference ion species.
This deviation of about 11.2 keV (5.4σ ) was unexpected.
Given that in AME2020 [14] the mass of 248Cm is determined
to a large extent by the 244Pu mass, it was deemed appropriate
to measure 248Cm as well. This is the first Penning trap mea-
surement of 248Cm, and as illustrated in Fig. 2e. This mea-
surement exhibits a similar deviation, leading us to conclude
that our 2014 244Pu measurement was impacted by system-
atic errors. Furthermore, the Q-value of the 248Cm(α)244Pu
reaction derived from our measurement of 5160.5(13) keV
agrees with the value reported in Ref. [19], the re-calibrated
value being 5161.81(25) keV [14].

Figure 2f shows the mass excess for 249Cf. Notably, we
measured 249Cf both as atomic ion and in the form of the
249CfO+ molecular ion, providing us with four values since
two different references masses have been used. Our results
agree within one standard deviation with the recent AME val-
ues. Our 2014 measurement [18] is off by about 2.6 combined
sigma due to systematic errors. In Table 2 the AME2020 and
the next AME mass excess values are listed for the nuclides
under investigation. The largest improvement is observable
in the case of 238U due to the Pentatrap [16] measurement.

6 Deformed shell closure at N=152

In this region of the chart of nuclides various theoretical mod-
els and mass formulas are employed to predict the proper-
ties of the nuclides outside of the reach of experiments. The
survival of the heaviest nuclei is attributed to the presence of
shell effects, which serve to reduce the energy of their ground
state and enhance the barrier against spontaneous fission.

The stability or existence of a nuclide depends on its
binding energy, which in a simple approximation, can be
viewed as the sum of a bulk macroscopic part (the “liquid-
drop contribution”) and a microscopic shell correction energy
calculated usually with the traditional Strutinsky proce-
dure [25,26]. Precise measurements of nuclear masses pro-
vide essential information on the binding energy of nuclei,
and provide a possibility to benchmark the theoretical mod-
els and to constrain some of their free parameters. For exam-
ple the Weizsäcker-Skyrme mass formula [22] fixes 18 inde-
pendent model parameters based on measured masses. The
FRDM model [20] uses 17 constants adjusted to nuclear
masses or mass-like quantities such as odd-even mass dif-
ferences or fission-barrier heights.

Understanding the nuclear structure of superheavy ele-
ments is important for two main reasons. First, it offers
clues about the potential location of the so-called “island
of enhanced stability” [27]. Second, it plays a crucial role in
determining the mechanism for synthesizing these elements
and the likelihood of their excited compound nuclei surviv-
ing.

123



  204 Page 6 of 11 Eur. Phys. J. A           (2024) 60:204 

Fig. 2 Mass excess values for the different isotopes investigated. TRIGA-Trap data are compared to the values in AME2012 [12], AME2016 [13],
and AME2020 [14]

In experimental terms, one approach involves studying
heavy nuclei, particularly those in the deformed region with
N=152, or 162, in order to serve as a benchmark for theo-
retical models. Early evidence of a subshell at N=152 was
observed in the alpha-particle energies during the 1950s [28].
Calculations of cranked Nilsson levels near the Fermi surface
[29] suggest the existence of a neutron gap at N=152, which
is consistent with single-particle level calculations using a

Woods-Saxon potential [30]. The strength of this shell gap
has been experimentally investigated in studies such as Refs.
[31–33], the Z dependence in Ref. [34]. The shell gap param-
eter:

δ2n(N , Z) = S2n(N , Z) − S2n(N + 2, Z) =
−2ME(N , Z)

+ME(N − 2, Z) + ME(N + 2, Z), (12)
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Table 2 In this table AME2020 [14] values are listed together with
the next AME [17] data, which already includes our results presented
here, to illustrate the improvement, thanks to experimental efforts in
this mass region

Nuclide Mass excess (keV)

of interest AME2020 [14] Next AME [17]

238U 47 307.7 (15) 47 308.369 (14)*
241Am 52 934.3 (11) 52 933.71 (45)
243Am 57 175.0 (14) 57 176.38 (57)
244Pu 59 806.0 (23) 59 794.38 (52)
248Cm 67 392.7 (24) 67 381.02 (52)
249Cf 69 722.7 (12) 69 722.70 (42)

* Measured at Pentatrap

is a sensitive indicator and can be computed using the mea-
sured atomic mass or mass excess values. In Fig. 3 we depict
the shell gap parameter δ2n for N=152 from various theo-
retical model predictions: FRDM(2012) [20], HFB24 [21],
WS4 [22], UNEDF1 [23] and BSkG3 [24] to the next AME
values. Our 244Pu and 248Cm measurements directly con-
tribute to the values at Z = 94 and Z = 96, respectively.
The Weizsäcker-Skyrme mass formula (WS4+RBF), where
the radial basis function corrections are combined in the WS4
calculations, shows the best overall agreement in the depicted
region [22].

Figure 4 displays experimental two-neutron separation
energy values, S2n , for Z=92–100 nuclei plotted against the
neutron number. S2n values calculated from the masses of the
nuclei measured in this study are circled. The uncertainties,
are smaller than the symbols and are not visible in the figure.

The region is quite interesting and intriguing, especially
given the precise measurements of the masses. By focusing
on both the measured nuclei and the general trend in S2n , a
down-sloping non-linear trend is evident in the figure. Strong
deviations from this smooth downward trend, as discussed,
for example, in Ref. [35], often indicate significant structural
changes, possibly related to shape changes or shell structure.
Notably, Cm nuclei, represented by the lilac diamond sym-
bol, exhibit a distinct behavior. Around N=144, there is a
rapid decrease in S2n , followed by a slowdown before N=150
(that is, an increase compared to the sudden decrease), and a
sharper decrease after N=152. Similar behavior is observed
at N=152 for Bk, Cf, and Fm.

Many studies in the literature point to a sub-shell closure
at N=152 [28–33]. Figure 4 supports this observation, par-
ticularly for Fm.

The subshell appears less robust for the lower Z elements,
which are the focus of our study. Examining observables in
different ways may provide more information [36]. To see
sub-shell closure or sudden deformation more clearly in sep-
aration energies, we consider the difference between sepa-

Fig. 3 Shell-gap parameter, δ2n , comparison for N=152. Theoreti-
cal model predictions FRDM (2012) [20], HFB24 [21], WS4 [22],
UNEDF1 [23] and BSkG3 [24] compared to the next AME [17]. The
symbol # indicates that at least one of the contributing mass excess val-
ues is estimated based on trends from the mass surface, due to a lack
of experimental determination. Our 244Pu and 248Cm measurements
directly contribute to the values at Z = 94 and Z = 96, respectively,
highlighted by green circles

Fig. 4 Experimental two-neutron separation energies, S2n [17], versus
neutron numbers for nuclei with Z = 92 − 100. Circles highlight S2n
values where the masses measured in this study were included

ration energies. As shown in Ref. [37], although in a given
region nuclei may show different trends with five different
observables, the differential of these observables often shows
almost the same trends in all of them (see e.g. Figure 1 of
Ref. [37]).
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Fig. 5 Differential results. Left: for 
S2n(N ) = S2n(N ) − S2n(N − 2). Right: for δE(2+
1 )(N ) = (E(N − 2) − E(N ))/(E(N − 2) + E(N )) are

shown by considering the Refs. [37,38]. For more details see text

In this study we explore the differentials of the two-
neutron separation energies, S2n , and the first excited 2+
states, E(2+

1 ). The differential values of S2n ,
S2n , are shown
in the left panel of Fig. 5, and the differential values of the
E(2+

1 ), δE(2+
1 ), are shown in the right panel of Fig. 5. Since

the AME2020 results and the mass values in this study are
close to each other, the present results are not compared with
the AME2020 values in Fig. 5. States with tentative spin-
parity assignments are ignored. Definitions of differentials
can be seen in the figure caption. In regions with shell effects,
an increase in the δE(2+

1 ) and a decrease in 
S2n is expected
after the magic number [37]. In the left panel, a sharp down-
ward spike is clearly seen for Fm and Cf, with a decrease
after N=152. In order to understand the behavior of Cm at
N=154, the binding energy of the N=156 isotope is needed.
Moreover, if one focuses on N=152, Cf shows a small devia-
tion from the other heavier or lighter isotopes. This should be
investigated for a full understanding of this region. In the right
panel, Cm and Cf behave oppositely after N=152, and exper-
imental data are needed for Fm at N=152. For this, the E(2+

1 )

of the isotope at N=150 must be measured. If one claims a
sub-shell closure at N=152, the results of the two panels
should be compatible [37]. In this case, while the increasing
value of Cm in the right panel is an expected situation and is
compatible with 
S2n , the decrease in δE(2+

1 ) after N=152
in Cf is not compatible with the 
S2n result. On the other
hand, δE(2+

1 ) values are extremely small, corresponding to
2+ energies differing by only about a keV. Caution should
be taken in interpreting such small differences.

Masses can be used in another way. Just as differences
such as S2n or double differences such as 
S2n can reveal
structural information, other functions of masses can give
access to additional information. In particular, a double dif-
ference of binding energies called δVpn gives an average
interaction between the last two protons and the last two
neutrons [39,40]. It is defined for even-even nuclei by

| δV ee
pn(Z , N ) | = 1

4
[(B(Z , N ) − B(Z , N − 2))

−(B(Z − 2, N ) − B(Z − 2, N − 2))],
(13)

where B is the binding energy. δVpn values for even-even
nuclei are shown in Fig. 6.

Given the known well-deformed nature of nuclei in this
region, we examine the ground state spin parities for other
nuclei at N=152, see Table 3. To investigate the possible
Nilsson orbitals [41] occupied by protons in the 100Fm152

nucleus, one can analyze the 99Es152 nucleus. The 99Es152

ground state features a 3/2 [521] Nilsson orbital, and the
8 keV excited level sits in the 7/2 [633] Nilsson orbital [38].
However, as at 8 keV this is a very low-energy excited level,
the exact ground state Nilsson orbital remains unclear. For
the Nilsson orbital filled by protons at N = 152 in the Cf
nucleus, we can look at the 97Bk152 nucleus. Its ground state
level is characterized by the 7/2 [633] Nilsson orbital, and
the ≈9 keV excited level features a 3/2 [521] Nilsson orbital
[38]. Similar to the situation in 99Es152, it is difficult to say
anything definite about the ground state Nilsson orbital of

97Bk152 since the first excited energy level is at low excita-
tion energy here as well.

Regarding neutron Nilsson orbitals, our analysis included
the Fm151 and Cf151 nuclei, both filling the 9/2 [734] neutron
Nilsson orbital [38]. If two nuclei occupy the same Nils-
son orbitals, we would anticipate similar δVpn values. How-
ever, while δVpn for Fm peaks at N = 152 above 300 keV,
Cf exhibits a minimum value below approximately 200 keV.
A plausible scenario for Fm involves both the last protons
and neutrons occupying the 7/2 [633] and 9/2 [734] Nilsson
orbitals, respectively. These orbitals belong to a unique par-
ity orbit and are positioned with almost the same slope in the
Nilsson diagram. Hence, they are expected to have a large
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Fig. 6 δVpn values are shown for even-proton numbers from Z = 92
to 100 against even-neutron numbers. For more details see text

overlap, see Ref. [42] for more details. This may explain the
high δVpn seen in Fig. 6.

To gain a comprehensive understanding of the behavior of
nuclei in this region, especially at N = 152, further studies
are essential, especially in nuclei with Z ≥ 103 and N ≥
152.

7 Summary

We have measured the masses of 244Pu, 241Am, 243Am,
248Cm, 249Cf with about 5·10−9 relative mass uncertainty. In
all of these mass measurements we have used two mass refer-
ence ions. We have evaluated the data by applying the simul-
taneous polynomial fit method, which we described in detail.
Our results were implemented in the AME, showing good
consistency. Therefore, 
S2n and δVpn values and interpre-
tations were made using these latest unpublished AME val-
ues.

The nuclear region under investigation exhibits behaviors
that we do not clearly understand, especially in Cm nuclei,
considering the lack of data. However, some of the trends are

Table 3 Last occupied proton and neutron Nilsson orbitals, labelled by
π and ν respectively, for 250Cf and 252Fm [38]

Nuclide Nuclide

E (keV) Config. E (keV) Config.

249
97 Bk152

251
99 Es152

0.0 7/2 [633]π 0.0 3/2 [521]π

8.8 3/2 [521]π 8.3 7/2 [633]π
249
98 Cf151

251
100Fm151

0.0 9/2 [734]ν 0.0 9/2 [734]ν

intriguing. The distinct patterns in the differential results of
two-neutron separation energies, 
S2n , align with the indica-
tions of sub-shell closure N = 152 documented in the litera-
ture. However, discrepancies in δE(2+

1 ) and δVpn underscore
the need for further experimental and theoretical investiga-
tions to fully understand the region’s nuclear dynamics.

The masses of 244Pu and 249Cf were found to deviate
from our previous result from 2014, pointing to the pres-
ence of systematic errors in the former measurement series.
Hence the re-measurement of all nuclides involved in our
2014 paper [18] was carried out. The unexpected devia-
tion in the mass underscored the importance of systematic
error assessment and the continual refinement of experimen-
tal techniques to advance our understanding of exotic heavy
nuclides.
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3. O. Kaleja, B. Andelić, O. Bezrodnova, K. Blaum, M. Block, S.
Chenmarev et al., Direct high-precision mass spectrometry of
superheavy elements with SHIPTRAP. Phys. Rev. C 106, 054325
(2022). https://doi.org/10.1103/PhysRevC.106.054325

4. S. Eliseev, K. Blaum, M. Block, A. Dörr, C. Droese, T. Eronen
et al., A phase-imaging technique for cyclotron-frequency mea-
surements. Appl. Phys. B 114(1), 107–128 (2014)

5. S. Chenmarev, S. Nagy, J.J.W. van de Laar, K. Blaum, M.
Block, C.E. Düllmann, First application of the phase-imaging ion-
cyclotron resonance technique at TRIGA-Trap. Eur. Phys. J. A
59(2), 29 (2023)

6. J. Ketelaer, J. Krämer, D. Beck, K. Blaum, M. Block, K. Eber-
hardt et al., TRIGA-SPEC: A setup for mass spectrometry and laser
spectroscopy at the research reactor TRIGA Mainz. Nucl. Instrum.
Methods Phys. Res., Sect. A 594(2), 162–177 (2008)

7. F. Schneider, T. Beyer, K. Blaum, M. Block, S. Chenmarev, H.
Dorrer et al., Preparatory studies for a high-precision Penning-trap
measurement of the 163Ho electron capture Q-value. Eur. Phys. J.
A 51(7), 1–8 (2015)

8. G. Savard, G. Bollen, H.J. Kluge, R. Moore, T. Otto, L.
Schweikhard et al., A new cooling technique for heavy ions in
a Penning trap. Phys. Lett. A 158(5), 247–252 (1991)

9. RoentDek Handels GmbH.: Available from: https://www.roentdek.
com

10. A. Kellerbauer, K. Blaum, G. Bollen, F. Herfurth, H.J. Kluge, M.
Kuckein et al., From direct to absolute mass measurements: a study
of the accuracy of ISOLTRAP. Eur. Phys. J. D-Atom. Mol. Opt.
Plasma Phys. 22(1), 53–64 (2003)

11. F. DiFilippo, Precise atomic masses for determining fundamental
constants. MIT, PhD thesis (1994)

12. M. Wang, G. Audi, A. Wapstra, F. Kondev, M. MacCormick, X.
Xu et al., The AME2012 atomic mass evaluation. Chin. Phys. C
36(12), 1603 (2012)

13. M. Wang, G. Audi, F. Kondev, W. Huang, S. Naimi, X. Xu, The
AME2016 atomic mass evaluation (II). Tables, graphs and refer-
ences. Chin. Phys. C. 41(3):030003 (2017)

14. W. Huang, M. Wang, F.G. Kondev, G. Audi, S. Naimi The AME
2020 atomic mass evaluation (I). Evaluation of input data, and
adjustment procedures. Chin. Phys. C 45(3):030002 (2021)

15. K. Kromer, C. Lyu, M. Door, P. Filianin, Z. Harman, J. Herkenhoff
et al., High-precision mass measurement of doubly magic 208Pb.
Eur. Phys. J. A 58(10), 1–8 (2022). https://doi.org/10.1140/epja/
s10050-022-00860-1
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